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Motivation

In an era of ultraprecise measurements, non-perturbative corrections need to be addressed

dog, = Z/dmz diter (2) fj(a:j)dafjaifx X [1 + (9()\1’)}, with A= A%;D
%]

They are power corrections, which can be probed by studying IR sensitivity

Given A < 1, power corrections will matter only if

a) the observable is measured in an ultraprecise way, b)EE— \' .

are currently a source of debate in the interpretation of some observables...

...and are expected to be a recurrent issue as the expertimental precision keeps increasing

Studying IR sensitivity from first principles is difficult. One usually resorts either to pheno-

menological approaches, or approaches based on perturbation theory

In the context of the latter, the renormalon model was often used
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One considers a class of diagrams that give factorial divergence at high orders

The sensitivity to can be probed by computing perturbative QCD

corrections with massive gluons

Yet, such class of diagrams is only known whenever there are no non-Abelian interactions



Motivation

How to probe IR sensitivity for general processes involving non-Abelian interactions ?

® In particular, could cancelin suitable observables o[O] = / dd 4 O(®) ?

dd
This would be a generalization of the KLN theorem, which concerns the logarithmic accuracy

In more detail,

do . do
® Logarithmic accuracy: O[O]hog)\ /d(I) [dCI) ‘logA (I))‘)\Oﬁ' Ad ’AOO((I))hog J

At this accuracy, an infra-red safe observable obeys / AP 'd_a ‘1 )\O )|)\ =
og 0.
do do
. o0l = [ | 1,00, + 551,00,
What happens at ? Could it be that /d@ d—‘)\l (P )’)\O — (0

® This argument was developed several years ago, but we lack a clear proof in the non-Abelian case

® We need a framework to probe IR sensitivity — and, in particular, —
in general processes governed by non-Abelian interactions



Motivation

@ In this talk I present one such framework
® Inspired by the renormalon model, we promote the gluon mass to a parameter of a proper QFT
® Such QFT is a non-Abelian gauge theory, where the gluon gets its mass via the Higgs mechanism
@ The gluon mass myg , assumed to be the smallest scale, plays the role of the IR scale
® In particular, a linear dependence of an observable on mg is a sign of

© This framework provides a consistent laboratory to unambiguously probe, from a perturbative
perspective, IR sensitivity of observables at colliders

@ I start by discussing the theory — a renormalizable, non-Abelian gauge theory based on SU(2)

® Then, as a first step towards probing of observables at colliders, I calculate two
ingredients through 2-loops:

i) the O(myg) contributions to the relation between the pole and MS masses of a heavy quark

ii) the O(mg) contributions to the relation between the on-shell subtraction and MS field
counterterms of the heavy quark
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Model

@ The model is a renormalizable gauge theory, where SU(2) is spontaneously broken

@ In analogy with QCD,
@ I refer to the gauge fields G as gluons
® I refer to the massive fermion v as top quark

¢ I consider n¢ flavors of massless fermions ¥k
@ Defining D,=08,+ igT“GZ , the Lagrangian is

1 L e
L£=—2GLG"+ Py (1D — me)e + Y il + (Du®) (D#®) + p?@T® — M(@19)% + Lar + Lanost
k=1

e With p? >0, A > 0, the Higgs doublet & acquires a vacuum expectation value v,

b(x) = i (v_+¢;§(wx))_+ifg;(2’)) with ¥1,2,3 the would-be Goldstone bosons
3

@ The gluon and the Higgs boson acquire masses
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l—> probes IR sensitivity



Model

@ A proper quantization requires gauge-fixing and ghosts,

1l
Lor = _ﬁF 4 T Fo =0"G, +E&mgpa, a=1,2,3
LGhost = — Ea(au‘alu s £m§)ca e geabcé“ [(aucb)Gg + Cb(auGch)} i gg;ng CoCulli 95% abcéac Pe

@ To renormalize the model, we write

1

m%{(o) e Zm%;m%la mﬁ(o) — ngmé, mg0) = thmt, go) = [Seﬂ26] §Zgg

o) = B0, woy = Zgovn,  Ho=Z{PH, Gl = Zd°G:
where Zx =14+6Zx =1+ D 52( ) -------- > i-th loop contribution to the counterterm §Zx

_______

@ We renormalize all counterterms in on-shell subtraction, except Z, . The latter could be fixed in

MS, but it is more useful to define a g that absorbs certain finite parts of loop diagrams

@ So, 0Zy absorbs the finite contribution from top quark and Higgs boson contributions to Z¢.

T Tleads o P8R 1S S BRI S . \.

daog & Bo o 20 4 for a not too high ny, the

7 d,u = —%Ofs , By = gCA - gTRnf theory is asymptotically free

______________________________



Model

@ [ assume the mass hierarchy myg ~ my > m, and use renormalized perturbation theory.

Examples of Feynman rules:

@ for the renormalized interactions

g —
®b - Pb -
H -. .9 Pa ~ . 2
~. 3 m S m
£ o=
H-" & ©p - &
Cq .. Cq .. ig¢
~.. ~.. igtm
7_.,:—fb’2Yb’W Gft = —gqg eabc(pb +pc)u Y_,.-' ------ H =— 9 g5ab

@ for the counterterm interactions

p
Bri —H— Yeg = 0y [mdZ5) — 62 (p— my)|
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Calculation

e We start with

OS MS MS MS . MS
R e — 2 (wmg e Yio) = A/ 29308 = o/ ZHEEE ()
implying
MS oS MS oS il o e S o Sy ,
my'S (1) B ﬁzt o (1) o 2, ' I am only interested in !
my ZM? (,u) 7 tOS Z}Z/{_S i‘\the terms in m,

@ The non-trivial quantities to calculate are § ZT(,)L;Q’@) and 67 fp)tS(2) . They are obtained from

+@—»: 5 > ) + %+%+ %
(A) (B) (€) (D)

as well as from

P S WA W W
(a) ’ (b) " (c) ’ (d)




Calculation
@ These diagrams depend on different mass scales mu ~ my > mg — difficult to evaluate exactly

e Yet, since our focus is on terms in myg , we expand the integrands in powers of m,

before solving the integral. This is the strategy of regions

e Example: the 1-loop top-quark self-energy m
-

d?k e 2 2
2apealfeeiesim (2 =S2p k)

® Theintegralis I = / (

® By solving it exactly and only then expanding in powers of Z—f .

]:M{ [1+2logﬂ+2] — 1 —& 1+ O(m )}

(47T)d/2 my my

¢ In the strategy of regions, [ =1 {8 i) (’)(mé) , with

d9k s il'(1 + €) [j1 L
ion: I :/ 2 e = S ) 2
oo B DD E) e e A e Ol
: dik 2 ir'(1+¢) m
soft region:  J(s) :/ s Ol — <_ g) O
k N%ng (27r)d (k2 s mg) (—2p - k) T (mg) (47T)d/2 My r ( )
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Calculation
In this one-loop example, the linear terms are entirely determined by the soft region
This example extends to the 2-loop case in a natural way

Here, four regions can be considered:

hard-hard: k1 ~ my, ko ~ my , hard-soft: k1 ~ my, ko ~ mg,
soft-hard: k1 ~ mg, ko ~ my, soft-soft: k1 ~ mg, ko ~ myg
such that only hard-soft, soft-hard and soft-soft can lead to the in mg

We followed a standard workflow for the calculation:

@ Generation of Feynman rules and diagrams @ Manipulation of amplitudes

&

# Expansion of scalar integrals by regions Integration—by—parts identities

FeynMaster, FeynRules, Qgraf, |

FeynCalc, FeynHelpers,
i Package-X, LiteRed, FIRE

___________________________________

resorting to a variety of publicly available software -~ >

We performed the calculation in two independent ways
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Calculation

e We find four master integrals for the in the soft-soft region,
e / d%; d%k, 1 1 1
(2m)d (2m)? (ki —m2) (k3 —m2) (2k2 - p)
T / d%k; d%k, 1 ]l 1
(2m)d (2m)¢ (kf —m2) [(k1 — k2)? — m2] [2k2 - p]
e / d%; d%k, 1 1 il 1
@m)e 2m)8 (k2 — m2) (k1 — k)2 — m2] (k2 — m2) (2ks - p)
g / A%k d% 1 1 1 1
(2m)d (2m)? kT (k1 — ko) (k3 —m2) (2k2 - p)

@ These can be solved with standard methods. Yet some contain a closed subloop of massive gluons.

This subloop admits the dispersion representation:

/ dik, 1 1 P g 7ds s7¢(1 — 4m2/s5)3 ¢

D T — m2) [(k1 + k2)? — mZ] ~ (4m)¥/2 T(2 — 2¢) s — k3 —1i0

2
4mg

@ Further details about the calculation can be found in the paper

12



Calculation

e We ultimately find that the relation between the pole and the MS masses is

my = mdS () fi (e, 1, md™ (),

@{1 —I_ as(mg)
2T

21\/§7r_g 4 .
32 48 it

[301? + Ca ( 9

¢ The function f; is independent of the gluon mass and therefore is of no interest to us
# The 2" line is the in 1, and is our main result

¢ It confirms the expectation that the relation between the MS and pole masses of a heavy quark
has a linear dependence on Mg

# It supports the assertion that our toy model provides a consistent framework to probe the IR
sensitivity of observables through the parameter m,

# The pole mass must be gauge independent. We checked this explicitly
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Calculation

@ The relation between the field counterterm in on-shell subtraction and MS is

3
\/ZOS \/ZMS { (o, pt, My, mp, log mg) + Cpas(mg)%x
t

as(mg) 17 3w . my\ 4
x[l—!— 5 Cr — Ca 16 32\/§ logmg gnfTR

< CF L m3
A ZMS 7MS [l aS(M) 1 Wt
with (o) = £/ 2y, (M)[ 0t sy Mo m2

Ho

@ This relation contains not only a , but also a logarithmic dependence on my

® This relation is gauge dependent, which we checked explicitly. The result is in Feynman gauge
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Conclusions

® With increasing experimental precision, we need to consider non-perturbative corrections

® Assessing the sensitivity of perturbative calculations to IR physics is a possible strategy

® In the renormalon approach, this sensitivity can be exposed by introducing a small gluon mass

@ Although such approach is useful, it does not allow studying processes with external gluons

® ] proposed a framework which promotes the gluon mass to a parameter of a consistent QFT

@ Itisarenormalizable toy model based on an SU(2) gauge theory whose symmetry is sponta-
neously broken through the Higgs mechanism

t\;\

Gluons acquire a small mass mg in a theoretically consistent manner. A linear dependence
on Mg probes a of observables

N

This framework provides a laboratory for investigating whether IR -safe observables studied
at colliders exhibit

® Asafirst application, I calculated the linear terms in m, in the relation between the pole and
the masses MS through 2 loops, providing a nontrivial check of the consistency of the framework

® Next step: heavy-quark pair production. This will provide a more direct connection to realistic
processes relevant for precision measurements at hadron colliders



